Introduction {#S1}
============

Experimental evidence supports the view that apoptosis plays a critical role in the pathogenesis and progression of various forms of arthritis as well as other autoimmune-mediated and chronic non-inflammatory arthritic disorders of synovial joints \[[@R1]\]. For example, the elevated frequency of apoptotic chondrocytes was shown to partially account for the significant decline in chondrocyte vitality of osteoarthritic (OA) human cartilage \[[@R2]-[@R5]\].

Significantly elevated levels of monosodium urate (MSU) monohydrate and tumor necrosis factor-α (TNF-α) in arthritic synovial fluid are thought, in part, to result in reduced chondrocyte vitality and markedly deficient repair of articular cartilage. Thus, defective cartilage repair in arthritis is generally believed to arise from the combined effects of the reduced capacity of articular chondrocytes to survive in the presence of nitric oxide, TNF-α, IL-1β \[[@R4]-[@R6]\] or MSU as well as an inadequate chondrocyte response to insulin-like growth factor-1 \[[@R7]\].

This *in vitro* study was primarily designed to determine the extent to which MSU or recombinant human TNF-α (rhTNF-α) increased the frequency of apoptosis in human chondrocytes. We also investigated the extent to which MSU and rhTNF-α activated the SAPK/MAPK and JAK/STAT pathways. TNF-α-mediated activation of p38 kinase, C-Jun-terminal protein kinase (JNK) and STAT proteins were previously shown to regulate the induction of apoptosis in chondrocytes as well as other cell types \[[@R8]-[@R11]\] whereas MSU was reported to primarily activate signaling pathways involving proline-rich kinase and Src kinase in chondrocytes \[[@R12]\].

Importantly, the potential contribution of xanthine oxidase (XO), (the terminal enzyme required for catalyzing the hydroxylation of xanthine to hypoxanthine) and its role in JAK/STAT activation was reported \[[@R13]\]. Therefore, we assessed the potential role of XO in the induction of apoptosis by MSU or rhTNF-α. Previous studies had also shown that modulating the activity of XO attenuated the induction of apoptosis in other cell types \[[@R13],[@R14]\]. In addition, modulation of XO activity could result from activation of JAK/STAT. Indeed, Albuquerque et al. \[[@R15]\] showed that under hypoxic conditions, IL-6 activated JAK/STAT and sequentially JAK/STAT activated XO.

The study of the role of XO activity on chondrocyte apoptosis was facilitated by employing the non-purinergic XO-specific inhibitor, 2-\[3-cyano-4-(2-methylpropoxy) phenyl\]-4-methyl-thiazole-5-carboxylic acid \[[@R16]\]. This compound, formally known as TEI-6720 and now called febuxostat, was shown to inhibit XO activity in A549 lung cancer cells at a concentration of 16 μM without altering the activity of other purinergic enzymes \[[@R17]\].

Materials and Methods {#S2}
=====================

Cell culture, reagents and antibodies {#S3}
-------------------------------------

Culture media, fetal bovine serum and antibiotics were obtained from Invitrogen/Life Technologies (Carlsbad, CA, USA). The JAK2 inhibitor, Tyrphostin B42 (AG-490) was obtained from Cayman Chemical (Ann Arbor, MI, USA). rhTNF-α was purchased from Prospecbio (Rehovot, ISRAEL) or R and D Systems (Minneapolis, MN, USA). An *in situ* cell death detection kit for use in the Terminal deoxynucleotidyl transferase dUTP Nick End Labeling (TUNEL) assay was purchased from Roche Diagnostic GmbH (Mannheim, Germany). The Vecta-shield™ reagent containing 4',6' diamino-2-phenylindole.2HCl (DAPI) was obtained from Vector Laboratories (Servion, SWITZERLAND). (2-\[3-cyano-4-(2-methylpropoxy) phenyl\]-4-methyl-thiazole-5-carboxylic acid; febuxostat; Lot \# 47006CB00) was kindly provided by Takeda Pharmaceuticals of North America, Inc (Deerfield, IL, USA) through a research contract agreement with CJM. The XO activity kit and pronase was purchased from Sigma (St. Louis, MO, USA). To detect p38 kinase, JNK and STAT3 by Western blotting, phosphorylation and non-phosphorylation state-specific polyclonal antibodies (Cell Signaling Technologies, Beverly, MA) were employed. For immunohistochemical detection of STAT3, an anti-STAT3 monoclonal antibody that detects endogenous human, mouse and rat unphosphorylated STAT3 (U-STAT3) and an affinity-purified rabbit anti-STAT3 antibody that detects STAT3 phosphorylated at Y705 (p-STAT3) were obtained from R and D Systems. The anti-mouse/anti-rabbit EnVision System containing the HRP-labeled polymer, DAKO was purchased from Glostrup (Copenhagen, Denmark). A monoclonal antibody reactive with Type II collagen (11-116B3) was obtained from the Developmental Studies Hybridoma Bank (<http://dshb.biology.uiowa.edu/>). An antibody reactive with Type X collagen was a mouse polyclonal antibody that was generously supplied by Dr. Gary Gibson (Henry Ford Hospital, Detroit, MI). A biotinylated goat anti-mouse antibody was obtained from Cappel Laboratories (Malvern, PA) and streptavidin-peroxidase was purchased from InVitrogen. The Vector VIP™ substrate kit was obtained from Vector Laboratories.

MSU crystal suspension {#S4}
----------------------

MSU crystals were a gift from Dr. R. Liu-Bryan (Veteran's Administration Medical Center, University of California at San Diego, San Diego, CA, USA). 10 μl of a suspension of these MSU crystals contained 0.03 EU/ml as measured by the Limulus assay and was judged to be free of contamination by endotoxin. Of note, an overnight incubation of mouse bone marrow-derived macrophages with this MSU crystal suspension at a concentration of 0.5 mg/ml caused the release of 650 pg/ml of IL-1β into the culture medium (Liu-Bryan, personal communication).

Human chondrocyte cultures {#S5}
--------------------------

Four sources of human chondrocytes were obtained and cultures prepared for this study.

Osteoarthritic chondrocytes (OA-Hu-C) were dissociated by enzyme digestion from the "resident" cartilage of subjects undergoing joint replacement surgery for end-stage disease. First passage cultures were employed and maintained as previously described \[[@R18],[@R19]\].

Normal human chondrocytes (Hu-C) were purchased from Cell Applications, Inc (Cedarlane Labs, Burlington, Ontario, Canada). Chondrocytes were maintained in DMEM/F12 (1:1) supplemented with 10% fetal bovine serum. Chondrocytes were sub-passaged according to the vendor's instructions and maintained as previously described \[[@R18],[@R19]\].

Normal juvenile human chondrocytes (N-JHu-C) were enzymatically dissociated from the knee cartilage of a 12 year old subject as previously described \[[@R20]\]. The patient had a diagnosis of osteosarcoma and cartilage was obtained from the amputated femur. N-JHu-C in first passage was maintained as macroaggregate pellet cultures as previously described \[[@R21],[@R22]\].

Chondrocytes were derived from the lineage of bone marrow-derived MSCs (BMD-MSC-C) obtained from 3 subjects, aged 24, 28, and 50 years and maintained in macroaggregate pellet culture as previously described \[[@R21],[@R22]\].

For specific experiments, chondrocyte cultures were initiated at the following cell densities, OA-Hu-C or Hu-C: 10^5^ cells/ml; N-JHu-C and BMD-MSC-C macroaggregate pellet cultures: 2.5×10^5^ cells/ml. OA-Hu-C or Hu-C was maintained until the cells reached the hyperdense state as previously defined \[[@R18]\]. N-JHu-C and BMD-MSC-C macroaggregate pellet cultures were maintained for up to 3 weeks prior to initiating specific experiments.

At the time of initiating specific experiments, chondrocyte cultures were either untreated (control; no additions) or incubated with rhTNF-α (1.5 ng/ml to 50 ng/ml); with MSU (0.5 mg/ml); or combinations of the following: MSU plus AG-490 (50 μM), rhTNF-α or MSU plus AG-490 plus febuxostat (16 μM), or febuxostat (8-33 μM). Cultures were kept under these conditions for up to 48 hrs.

Apoptosis assays {#S6}
----------------

Induction of apoptosis after incubation of OA-Hu-C with rhTNF-α (10 ng/ml) was also determined by electrophoresis on 1.2% agarose gels of intranucleosomal DNA fragments which were then stained with ethidium bromide (EtBr) as previously described \[[@R18],[@R23]\]. Computer-assisted image-enhanced photomicrographs of macroaggregate pellet culture 5 μm cross-sections or microscopic fields of hyperdense Hu-C cultures were employed to determine the frequency of TUNEL-positive chondrocyte nuclei \[[@R24],[@R25]\].

Western blots {#S7}
-------------

Total cytosolic protein lysate (25 μg/lane) was resolved by denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (Bio-Rad). Western blots were produced essentially as previously described by Singh et al. \[[@R26]\].

Staining of chondrocyte macroaggregate pellet cultures with Toluidine blue O {#S8}
----------------------------------------------------------------------------

The sulfated proteoglycan content of the chondrocyte macroaggregate pellet culture extracellular matrix (ECM) was visualized by staining JHu-C and BMD-MSC-C macroaggregate pellet culture 5 μm cross-sections with Toluidine blue O \[[@R19]\].

Type II collagen and Type X collagen immunohistochemistry {#S9}
---------------------------------------------------------

5 μm cross-sections were rehydrated in PBS, followed by incubation with pronase (1 mg/ml) in PBS containing 4 mM CaCl~2~ for 10 min at room temperature, washed with PBS twice, blocked with 3% BSA/PBS and then incubated with anti-type II collagen antibody (1:200) or anti-type X collagen antibody (1:200) in 1% BSA/PBS for 1.5 hours. The slides were washed and then incubated with 1:200 dilution of biotinylated goat anti-mouse IgG in 1% BSA/PBS for 1 hour at room temperature, washed, and incubated with streptavidin peroxidase for 30 min followed by PBS. The peroxidase enzyme reaction was visualized using the Vector VIP™ substrate kit according to the manufacturer's instructions. Cross-sections were then counterstained with 0.00125% Fast Green (w/vol) in a mixture of 24% ethanol/1% acetic acid (vol/vol).

U-STAT3/p-STAT3 immunohistochemistry {#S10}
------------------------------------

Indirect immunoperoxidase staining was employed to detect U-STAT3 and p-STAT3 immunoreactive products. An anti-mouse/anti-rabbit EnVision System containing the HRP-labeled polymer, DAKO with diaminobenzidine (DAB) as the chromogen was used with 10% neutral-buffered formalin-fixed paraffin-embedded 5 μM cross-sections of N-JHuC and BMD-MSC-C macroaggregate pellets. Human lung tissue was employed to demonstrate the positive immunoreaction for U-STAT3 and p-STAT3 antibodies, respectively.

Statistical analysis {#S11}
--------------------

The number of TUNEL-positive chondrocytes or XO activity was determined in Hu-C, N-JHu-C and BMD-MSC-C by an evaluator blinded to the various treatment groups. For data analysis, the significance of differences in XO activity between the control group and the various treatment groups was performed using the Student's t-test calculation. The significance of differences in TUNEL values in the various treatment groups were assessed by calculating the critical-F value using analysis of variance and Tukey's *post hoc* test. A p-value of \<0.05 was considered as the level of statistical significance.

Protection of human subjects {#S12}
----------------------------

Each experimental protocol for the acquisition of normal human and OA cartilage and/or iliac crest bone marrow samples were approved by the University Hospitals Case Medical Center Institutional Review Board. Experimental protocols and the language in the informed consent documents conformed to the 1990 Declaration of Helsinki governing the ethical conduct of human subject's research.

Results {#S13}
=======

Apoptosis in OA-Hu-C {#S14}
--------------------

Treatment of OA-Hu-C with rhTNF-α at concentrations ranging from 10 ng/ml to 50 ng/ml for up to 48 hrs resulted in the appearance of intranucleosomal DNA fragments ([Figure 1](#F1){ref-type="fig"}). The migration of these DNA fragments ([Figure 1](#F1){ref-type="fig"}, arrows) was consistent with those fragments produced by apoptotic cells.

rhTNF-α increased XO activity in OA-Hu-C {#S15}
----------------------------------------

The baseline XO activity was 41.6 mU/ml. XO activity increased following incubation of OA-Hu-C with rhTNF-α for 24 hrs and continued to rise from baseline at 48 hours ([Table 1](#T1){ref-type="table"}) The increase in XO activity from baseline at 48 hours was Δ%=+95.4. At the same time evidence of apoptosis was also seen ([Figure 1](#F1){ref-type="fig"}).

Febuxostat inhibited XO activity in Hu-C {#S16}
----------------------------------------

XO activity in Hu-C was determined in the control group (i.e. no additions) or after adding varying concentrations of febuxostat for 24 hours. The change in XO activity from baseline was Δ%=-45% with 8 μM febuxostat (p\>0.05), Δ%=-60% (p\<0.05) with 16 μM febuxostat and Δ%=-77% (p\<0.05) with 33 μM febuxostat.

AG-490, rhTNF-α, or rhTNF-α plus febuxostat increased apoptosis in Hu-C {#S17}
-----------------------------------------------------------------------

Treatment of Hu-C with AG-490, rhTNF-α alone or the combination of rhTNF-α plus febuxostat significantly increased the number of TUNEL-positive nuclei (F=7.6544; p=0.008) ([Figure 2](#F2){ref-type="fig"}).

XO activity is uncoupled from apoptosis in Hu-C {#S18}
-----------------------------------------------

XO activity was also significantly increased after treatment of Hu-C with rhTNF-α, AG-490 or rhTNF-α plus febuxostat (F=4.1407; p=0.048) with the most significant inhibition of XO activity (Δ%=-64.9%) occurring in the rhTNF-α plus febuxostat treatment group. However, treatment of Hu-C with rhTNF-α plus febuxostat also produced the highest frequency of TUNEL-positive chondrocytes ([Figure 2](#F2){ref-type="fig"}).

Western blotting for phosphorylated and un-phosphorylated p38 kinase, JNK and STAT3 in OA-Hu-C {#S19}
----------------------------------------------------------------------------------------------

The immunoreactive products of un-phosphorylated p38 kinase ([Figure 3](#F3){ref-type="fig"}, Panel A), SAPK p46 (JNK-1), SAPK p54 (JNK-2) ([Figure 3](#F3){ref-type="fig"}, Panel B) or STAT3 ([Figure 3](#F3){ref-type="fig"}, Panel C) were unchanged by rhTNF-α. Because the un-phosphorylated kinases were constitutively produced by these chondrocytes, the level of these immunoreactive products also served as a control for the loading of each lane. RhTNF-α (10 ng/ml) activated p38 kinase (phospho-p38-MAPK; [Figure 3](#F3){ref-type="fig"}, Panel A), phospho-SAPK p46 (JNK-1), phospho-SAPK, p54 (JNK-2) ([Figure 3](#F3){ref-type="fig"}, Panel B) and STAT3 (p-STAT3; [Figure 3](#F3){ref-type="fig"}, Panel C). Immunoreactive cytosolic phospho-p38 kinase and p-STAT3 increased up to 30 min decreasing thereafter, whilst the level of phospho-SAPK p46 and phospho-SAPK p54 was increased at 5 min decreasing thereafter.

Histology of N-JHu-C and BMD-MSC-C macroaggregate pellet cultures {#S20}
-----------------------------------------------------------------

N-JHu-C and BMD-MSC-C macroaggregate pellet cultures stained with toluidine blue O showed that the final chondrocyte density achieved in the N-JHu-C macroaggregate pellet cultures ([Figure 4A](#F4){ref-type="fig"}) was lower compared to BMD-MSC-C macroaggregate pellet cultures ([Figure 4B](#F4){ref-type="fig"}). In addition, the ECM of BMD-MSC-C appeared to be more topographically heterogeneous than N-JHu-C. Thus, the metachromatic staining intensity of the ECM in BMD-MSC-C was accompanied by a multilayer of flattened cells at the periphery of the macroaggregate pellet culture cross-section which stained principally orthochromatic ([Figure 4C](#F4){ref-type="fig"}). The results shown in [figure 4C](#F4){ref-type="fig"} were obtained with each of the 3 MSC samples used to generate these macroaggregate pellet cultures. Of note, the metachromatic appearance of the ECM in N-JHu-C and BMD-MSC-C pellet cultures was not altered after treatment with MSU or rhTNF-α (results not shown).

Collagen immunohistochemistry {#S21}
-----------------------------

The ECM of the N-JHu-C macroaggregate pellet culture contained Type II collagen. In contrast, the ECM of BMD-MSC-C contained both Type II and Type X collagen. BMD-MSC-C incubated with either rhTNF-α or MSU for 60 min did not alter the intensity of the Type II collagen or Type X collagen immunoreactive products. However, BMD-MSC-C treated with AG-490 appeared to increase the intensity of the anti-type X collagen immunoreactive product.

Apoptosis in N-JHu-C macroaggregate pellet cultures {#S22}
---------------------------------------------------

The total number of chondrocytes calculated from summating TUNEL-positive, TUNEL-negative and DAPI-positive nuclei was similar in each of the experimental groups. The number of TUNEL-positive N-JHu-C was increased after treatment for 60 min with MSU or rhTNF-α compared to the control group ([Table 2](#T2){ref-type="table"}). Furthermore, the frequency of TUNEL-positive nuclei also increased after incubation of N-JHu-C with AG-490 alone. However, the combined treatment of N-JHu-C with rhTNF-α plus AG-490 or MSU plus AG-490 for 60 min did not appreciably increase the number of TUNEL-positive chondrocytes compared to rhTNF-α or MSU alone ([Table 2](#T2){ref-type="table"}).

Apoptosis in BMD-MSC-C macroaggregate pellet cultures {#S23}
-----------------------------------------------------

In contrast to N-JHu-C, neither treatment of BMD-MSC-C with MSU ([Figure 5](#F5){ref-type="fig"}) nor the combined treatment group of MSU plus AG-490+febuxostat (data not shown) increased the number of TUNEL-positive chondrocytes. Treatment with rhTNF-α also failed to increase the number of TUNEL-positive nuclei compared to control (data not shown).

Un-phosphorylated-STAT3 (U-STAT3) and phosphorylated-STAT3 (p-STAT3) in N-JHu-C and BMD-MSC-C {#S24}
---------------------------------------------------------------------------------------------

The analysis of changes in U-STAT3 and p-STAT3 by rhTNF-α, MSU, AG-490 and various combinations of these factors plus febuxostat is summarized in [Table 3](#T3){ref-type="table"}.

Treatment of N-JHu-C with rhTNF-α, MSU or AG-490 for 60 min increased the relative number of both U-STAT3 and p-STAT3-positive chondrocytes compared to U-STAT3 and p-STAT3-positive chondrocytes in the control group. However, the combination of rhTNF-α and AG-490 or MSU plus AG-490 reduced the U-STAT3 and p-STAT3 immunoreactive product relative to rhTNF-α, MSU or AG-490 alone. rhTNF-α increased the p-STAT3 and the U-STAT3 immunoreactive product after 60 min compared to control. Although the combination of rhTNF-α plus AG-490 plus febuxostat decreased the p-STAT3 immunoreactive product, treatment with rhTNF-α plus AG-490 and febuxostat did not alter the U-STAT3 immunoreactive product compared to control. Compared to the baseline immunoreactivity of p-STAT3 and U-STAT3, it was primarily U-STAT3 that was increased by MSU plus AG-490 after 60 min. However, this result was not seen with MSU alone after either 30 min (data not shown) or 60 min. The combination of MSU plus AG-490+febuxostat substantially increased both the p-STAT3 and U-STAT3 immunoreactive products at 30 min compared to MSU and AG-490, but by 60 min, the p-STAT3 immunoreactive product in the MSU plus AG-490+febuxostat group was markedly reduced compared to the p-STAT3 immunoreactive product after treatment with MSU plus AG-490 plus febuxostat for 30 min (data not shown).

XO Activity in BMD-MSC-C {#S25}
------------------------

Treatment of BMD-MSC-C with rhTNF-α, rhTNF-α plus AG-490, AG-490 alone, MSU alone, or MSU plus AG-490 did not significantly alter the activity of XO (F=0.2812; P=0.9173).

Discussion {#S26}
==========

It has been speculated that the loss of chondrocyte vitality in arthritic synovial joints occurs principally by apoptosis \[[@R1]\]. In this study, we demonstrated that MSU and rhTNF-α, both of which are significantly elevated in OA, rheumatoid arthritis and gouty arthritic synovial fluid \[[@R27]-[@R29]\], could increase the frequency of apoptotic human chondrocytes *in vitro*.

With respect to normal and OA human chondrocytes maintained as hyperdense cultures, the major findings of this study were that rhTNF-α-induced apoptosis in these cultures which was preceded by activation of p38 kinase, JNK and STAT3 as well as increased XO activity. The increased frequency of apoptosis in OA chondrocytes in response to rhTNF-α was preceded by the appearance of p-STAT3 in the cytosol as early as 1 min after adding rhTNF-α but without changing the content of U-STAT3, even over the 60 min incubation period. Thus, these results are likely to reflect the transport of p-STAT3 from the cytosol to the nucleus over the course of 60 min. Of note, there was no evidence for activation of any other STAT proteins after OA chondrocytes were incubated with rhTNF-α under these conditions (data not shown).

Although MSU or rhTNF-α increased the frequency of TUNEL-positive nuclei in N-JHu-C macroaggregate pellet cultures, neither MSU nor rhTNF-α increased the frequency of TUNEL-positive chondrocytes in BMD-MSC-C. Additionally, MSU or rhTNF-α increased p-STAT3 in N-JHu-C and BMD-MSC-C, but apoptotic chondrocytes only increased in N-JHu-C. This result suggested that the increase in the frequency of apoptotic nuclei in juvenile chondrocyte macroaggregate pellet cultures occurred independently of MSU or rhTNF-α-mediated STAT3 activation.

The failure of either MSU or rhTNF-α to increase the frequency of TUNEL positive nuclei in chondrocyte pellet cultures initiated from MSCs may have come about from what has been termed "inadequate apoptosis" \[[@R30]\]. The analysis of Type II versus Type X collagen in these chondrocyte macroaggregate pellet cultures was employed, in part, to determine the extent to which the differential apoptosis response seen between pellet cultures from juvenile chondrocytes and MSCs in response to rhTNF-α or MSU reflected their developmental characteristics. Thus, the finding of Type II and Type X collagen isotype expression in the pellet cultures initiated from MSCs suggested a chondrogenic phenotype that was more closely aligned with epiphyseal growth plate development and fracture callus, whereas the absence of Type X collagen in the pellet cultures initiated from authentic juvenile chondrocytes suggested an articular cartilage phenotype. In that regard, it is generally viewed that during growth plate cartilage development and fracture callus maturation into mineralized bone, metalloproteinase activity and apoptosis precede the de-repression of the type X collagen gene \[[@R31],[@R32]\]. Therefore it is possible that apoptosis could no longer be induced by MSU or rhTNF-α in the pellet cultures initiated from MSCs after the Type X collagen gene was expressed.

RhTNF-α plus febuxostat or AG-490 alone increased the number of TUNEL-positive normal human chondrocytes. However, XO activity was attenuated after treatment of normal human chondrocytes with AG-490 or a combination of rhTNF-α plus febuxostat.

Interestingly, in none of the treatment groups, including the groups in which chondrocytes were treated with rhTNF-α, rhTNF-α plus AG-490, AG-490, MSU or MSU plus AG-490 altered the activity of XO in pellet cultures initiated from MSCs. Although the overarching significance of this latter result remains unclear in view of the finding that MSU or rhTNF-α also failed to increase the number of TUNEL-positive chondrocytes, this data suggested that "apoptosis resistance" to these treatments likely did not involve XO as a potential regulator of STAT activation \[[@R13],[@R14]\] or XO as a contributor to chondrocyte apoptosis.

To our knowledge, our finding that MSU increased the frequency of apoptotic normal juvenile chondrocytes maintained in a three-dimensional ECM *in vitro* has not been previously reported. A previous study had shown that MSU-induced apoptosis in human chondrocyte monolayer cultures occurred as a result of MSU-stimulated production of NO \[[@R33]\]. Apoptosis induced by MSU under those conditions was also found to be dependent on the activation of proline-rich tyrosine kinase and Src kinase \[[@R12]\]. Since we did not determine the extent to which MSU altered NO levels in the normal juvenile chondrocyte pellet cultures, it remains to be determined if the MSU-mediated increase in TUNEL-positive chondrocytes also involved NO. This may prove to be critical because NO is also a potent inducer of chondrocyte apoptosis \[[@R1],[@R10],[@R28]\].

Inhibition of JAK/STAT pathway activation by AG-490 was previously shown to be the mechanism responsible for induction of apoptosis in a myeloma cell line \[[@R34]\]. In line with that finding, AG-490 increased the frequency of TUNEL-positive chondrocytes in juvenile chondrocyte pellet cultures as well as in normal human chondrocytes. However, in the present study, AG-490-induced apoptosis in the juvenile chondrocyte pellet cultures was not associated with a reduction in the immunoreactive p-STAT3 product. Although we did not determine the extent to which AG-490 directly blocked JAK2 activity, previously published studies using lung microvascular epithelial cells \[[@R13]\] showed that the enhanced phosphorylation of STAT3/STAT5 induced by hypoxia was significantly blocked by AG-490 at a similar concentration of AG-490 used in this study. Thus, it appears that AG-490-induced apoptosis and inhibition of STAT3 activation in juvenile chondrocyte pellet cultures and normal human chondrocytes is comparable to previously reported findings with other cell types. Although treating chondrocyte pellet cultures initiated from MSCs with AG-490 also increased type X collagen deposition without affecting apoptosis, the overall significance of this result remains to be further investigated.

The combination of MSU plus AG-490 plus febuxostat increased the p-STAT3 and U-STAT3 immunoreactive product in N-JHu-C at 30 min compared to MSU and AG-490 alone. Of note, febuxostat (16 μM) significantly inhibited chondrocyte XO activity. Therefore, inhibition of XO may, in part, be responsible for increasing U-STAT 3 and p-STAT3.

We must also consider the possibility that induction of apoptosis in response to MSU may actually also involve an increase in the expression of TNF-α. In that regard, Islam et al. \[[@R18]\] reported that increased TNF-α mRNA accompanied the induction of apoptosis in human OA chondrocyte cultures in response to hydrostatic pressure. Furthermore, di Giovine et al. \[[@R35]\] showed that TNF-α mRNA levels were elevated after human blood monocytes or RA synoviocytes were treated *in vitro* with MSU, but not after treatment with calcium pyrophosphate or hydroxyapatite.

We also propose that another possible mechanism for the increase in TUNEL-positive chondrocytes in response to MSU is that MSU upregulated chondrocyte-derived IL-1β. In that regard, the MSU crystal suspension at the 0.5 mg/ml concentration used in these chondrocyte experiments also increased the production of macrophage IL-1β (Liu-Bryan, personal communication). Furthermore, IL-1β is a strong inducer of human chondrocyte apoptosis \[[@R1],[@R2],[@R36]-[@R40]\].

One limitation of this study was that unlike our analysis of STAT3 activation, a pharmacologic approach to determining the contribution of p38 kinase and JNK-1/JNK-2 activation by rhTNF-α to apoptosis in OA chondrocytes was not performed. Although a previous study demonstrated that activation of SAPKs/MAPKs was associated with the induction of chondrocyte apoptosis \[[@R36]-[@R38]\], it cannot yet be concluded that inhibiting p38 kinase, JNK, or for that matter, ERK 1/2, would also blunt apoptosis in OA chondrocytes in response to rhTNF-α.

To summarize, MSU and TNF-α, 2 important mediators of synovial joint inflammation, increased the frequency of TUNEL-positive nuclei in juvenile chondrocyte macroaggregate pellet cultures and in hyperdense normal human and OA chondrocyte cultures. However, rhTNF-α did not increase the frequency of TUNEL-positive nuclei in human chondrocyte macroaggregate pellet cultures derived from bone marrow MSCs. The finding that MSU or rhTNF-α failed to induce apoptosis in chondrocyte macroaggregate pellet cultures derived from bone marrow MSCs even though treatment with MSU and rhTNF-α resulted in STAT3 activation combined with the finding that febuxostat, a specific inhibitor of XO, activated STAT3 when added to MSU plus AG-490-treated chondrocyte macroaggregate pellet cultures derived from bone marrow MSCs, but also failed to increase TUNEL-positive nuclei provided direct evidence that phosphorylation of STAT3 was not required for increasing chondrocyte apoptosis under these defined *in vitro* conditions.

Finally, although rhTNF-α-induced apoptosis in human normal and OA chondrocyte hyperdense cultures correlated with increased XO activity and febuxostat partially inhibited normal chondrocyte XO in a concentration-dependent manner, the finding that rhTNF-α plus febuxostat actually increased the frequency of TUNEL-positive nuclei compared to rhTNF-α alone provided support for the conclusion that increased apoptosis in response to rhTNF-α in normal human chondrocyte cultures was not dependent on full XO activity.
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![rhTNF-α Increases Apoptosis in OA Chondrocytes. rhTNF-α (10 ng/ml to 50 ng/ml) was incubated with OA chondrocytes for 48 hrs. Intranucleosomal DNA fragments were identified using the manufacturer's protocol as previously modified by Islam et al. \[[@R23]\]. DNA electrophoresed on a 1.2% agarose gel, stained with ethidium bromide (EtBr) and DNA fragments visualized using a Vilber-Laurmat UV Illuminator \[[@R23]\]. The lane marked DNA Ladder (supplied by the manufacturer) shows the migration of EtBr-positive bands characteristic of intranucleosomal DNA fragments from apoptotic cells. **Lane 1:** No addition; **Lane 2:** rhTNF-α (10 ng/ml); **Lane 3:** rhTNF-α (20 ng/ml); **Lane 4:** rhTNF-α (50 ng/ml). Note the 2 DNA fragments indicated by the arrows which showed increased EtBr signal intensity as a function of rhTNF-α concentration.](nihms529418f1){#F1}

![rhTNF-α, AG-490 and rhTNF-α/febuxostat Increase TUNEL-Positive Hu-C. Normal human chondrocytes were grown in 3.8 cm^2^ microwell culture dishes and incubated either with rhTNF-α (1.5 ng/ml), AG-490 (50 μM) or rhTNF-α (1.5 ng/ml) plus febuxostat (fbx) (16μM) (n=3) for 24 hours. The total number of TUNEL-positive cells in at least 60 individual fields was enumerated. **Panel A:** TUNEL-positive chondrocytes with matching phase-contrast images. **Panel B:** The total number of TUNEL-positive chondrocytes in a representative field from the control groups and from each of the experimental groups is shown. There were 2 control groups: C-1 contained medium alone; C-2 contained medium plus DMSO at the concentration used to dissolve AG-490.](nihms529418f2){#F2}

![Western blotting for p38 kinase, JNK and STAT3. Human OA chondrocytes were grown to hyperdensity as previously described \[[@R18],[@R26]\] and treated with rhTNF-α (10ng/ml) or not (C) for up to 60 min. Cytosolic protein lysate from the 1, 5, 30 and 60 min incubations were electrophoresed as previously described and Western blotting performed \[[@R26]\].\
**Panels A and B:** Western blots were produced as previously described \[[@R26]\] using anti-phospho-p-38 MAPK antibody or an anti-p38 MAPK antibody; (**Panel A**), anti-phospho-SAPK p54 (JNK 2) antibody/anti-phospho-SAPK p46 (JNK 1) antibody or (**Panel B**) anti-SAPK p54 (JNK 2)/anti-SAPK p46 (JNK 1) antibody.\
**Panel C:** A Western blot was produced with the specific anti-U-STAT3 antibody or anti-phospho-STAT3 antibody as indicated in Materials and Methods. The bands migrating faster than the phospho-STAT3 standard have retained reactivity with anti-phospho-STAT3, but have not been fully characterized. These bands may represent degradation products of phospho-STAT3. The fastest migrating band reacting with anti-phospho-STAT3 was also present in the control (C) group.](nihms529418f3){#F3}

![Histology of N-JHu-C and BMD-MSC-C Macroaggregate Pellet Cultures. A 5μm cross-section of normal juvenile chondrocyte pellet cultures (N-JHu-C) and pellet cultures initiated from MSCs (BMD-MSC-C) was stained with Toluidine blue O. **A:** N-JHu-C; **B:** BMD-MSC-C; **C:** BMD-MSC-C; Bar=200 μm.](nihms529418f4){#F4}

![MSU Does Not Increase the Number of TUNEL-Positive Chondrocytes in Macroaggregate Pellet Cultures Initiated from MSCs. A chondrocyte macroaggregate pellet culture initiated from MSCs (BMD-MSC-C) was fixed in formalin and embedded in paraffin. A 5 μm histologic cross-section was prepared from the experimental group that had been incubated for 60 min with MSU (see Materials and Methods for details). Following deparaffinization, the cross-sections were processed for detection of TUNEL-positive chondrocytes and then the chondrocytes were stained with DAPI. A merged DAPI/TUNEL stained cross-section is shown.\
Control, No additions, 0 min; Control, No additions, 60 min; MSU, 0 min; MSU, 60 min. A representative of one of the 3 MSC samples obtained for this study is shown](nihms529418f5){#F5}

###### 

Recombinant Human TNF-α (rhTNF-α) Increases XO Activity in OA-Hu-C.

  (rhTNF-α)[1](#TFN1){ref-type="table-fn"}   XO Activity (24 hrs)[2](#TFN2){ref-type="table-fn"}   XO Activity (48 hrs)[2](#TFN2){ref-type="table-fn"}
  ------------------------------------------ ----------------------------------------------------- -----------------------------------------------------
  10                                         57.8                                                  81.3
  20                                         70.1                                                  83.2
  50                                         65.7                                                  95.0

ng/ml

mU/ml

Baseline XO activity was 41.6 mU/ml

###### 

The frequency of TUNEL-Positive Nuclei in normal juvenile chondrocyte macroaggregate pellet cultures.

  Group           Control   rhTNF-α   AG-490   rhTNF-α + AG-490   MSU     MSU + AG-490
  --------------- --------- --------- -------- ------------------ ------- --------------
  Total Cells     489       522       523      491                548     555
  TUNEL +ve (%)   166       492       463      443                500     530
  TUNEL +ve (%)   33.9      94.3      88.5     90.2               91.2    95.4
  Δ (%)           ---       +178%     +161%    +166%              +169%   +181%

TUNEL positive (TUNEL +ve) chondrocytes were enumerated from computer-assisted enhanced images

###### 

U-STAT3 and p-STAT3 in normal juvenile chondrocyte pellet cultures (N-JHu-C) and pellet cultures initiated from MSCs (BMD-MSC-C).

  Macroaggregate PC   Treatment                   U-STAT3                                p-STAT3
  ------------------- --------------------------- -------------------------------------- --------------------------------------
  N-JHu-C             No Addition                 \+                                     \-
                      rhTNF-α                     ↑ [\*](#TFN5){ref-type="table-fn"}     ↑ [\*](#TFN5){ref-type="table-fn"}
                      MSU                         ↑ [\*](#TFN5){ref-type="table-fn"}     ↑ [\*](#TFN5){ref-type="table-fn"}
                      AG-490                      ↑ [\*](#TFN5){ref-type="table-fn"}     ↑ [\*](#TFN5){ref-type="table-fn"}
                      rhTNF-α + AG-490            ↓ [\*\*](#TFN6){ref-type="table-fn"}   ↓ [\*\*](#TFN6){ref-type="table-fn"}
                      MSU + AG-490                ↓                                      ↓ [\*\*](#TFN6){ref-type="table-fn"}
  BMD-MSC-C           No Addition                 \+                                     \-
                      MSU                         ↔ [\*](#TFN5){ref-type="table-fn"}     ↔ [\*](#TFN5){ref-type="table-fn"}
                      MSU+AG-490                  ↑ [\*\*](#TFN6){ref-type="table-fn"}   ↔ [\*\*](#TFN6){ref-type="table-fn"}
                      MSU+AG-490+Febuxostat       ↑ [\*\*](#TFN6){ref-type="table-fn"}   ↑ [\*\*](#TFN6){ref-type="table-fn"}
                      rhTNF-α                     ↑ [\*](#TFN5){ref-type="table-fn"}     ↑ [\*](#TFN5){ref-type="table-fn"}
                      rhTNF-α+AG-490+Febuxostat   ↓ [\*\*](#TFN6){ref-type="table-fn"}   ↔ [\*\*](#TFN6){ref-type="table-fn"}

Increase (↑), Decrease (↓), No Difference (↔) compared to No Addition

Increase (↑), Decrease (↓), No Difference (↔) compared to MSU, AG-490 or rhTNF-α
